Protonated titanate nanotubes (TiNT-H) were surface-modified with (3-aminopropyl)trimethoxy silane (APTMS) by novel method suitable for syntheses of large amounts of materials with low costs. Usage of prepared nanotubes for polymer reinforcement was studied. Since the thermal stability of nanofiller was important to preserve their functional properties, stability was studied by in situ high temperature measurements. The most thermally stable nanotubes, silanized for 20 min, were used for preparation of epoxy-based nanocomposites. The nanofiller formed smaller (few hundreds of nm) and larger (few μm) aggregates in polymer matrix, and the amount of aggregates increased with increasing nanofiller content. APTMS modified titanate nanotubes bonded well with the epoxy matrix since amine groups on the TiNTs surface can react with epoxy group to form covalent bonds between the matrix and the nanofiller. Very small addition (0.19 -1.52 wt%) of nanotubes significantly increased the glass transition temperature and the modulus in rubbery state of the epoxy based polymer. Smaller nanofiller content lead to larger increase in these parameters and therefore better dynamic mechanical properties due to the smaller amount of large aggregates. APTMS-modified titanate nanotubes were proven as promising nanofiller in epoxy based nanocomposites.
INTRODUCTION
Titanate nanotubes (TiNT) [1] are a mesoporous TiO 2 -based nanomaterial extensively studied over the last decade. In comparison to other nanotubular materials, TiNT exhibit some distinct advantages, including the ease with which they can be prepared in high purity and high yield, a low cost, a high specific surface area, a high density of surface OH-groups, and ion-exchange and semiconducting properties [1] . Due to this favourable combination of properties, TiNT have a great potential for applications in catalysis, solar energy conversion, solid-state batteries, and reinforced composite materials [1] . The most straightforward way to synthesize TiNT is the reaction of TiO 2 powder with concentrated aqueous NaOH solution at 110 -160 °C [2] . TiNT synthesized in this way exhibit an extremely high aspect ratio: depending on the synthesis conditions, the inner and outer diameters of nanotubes typically range from 3 to 5 nm, and 7 to 10 nm, respectively, and their length varies from several hundred nanometers up to several micrometers. The walls of TiNT consist of several (typically 3-5) negatively charged concentric nanolayers composed of edge-sharing TiO 6 -octahedra [3] [4] [5] [6] . The nanolayers are mutually spaced by 0.7 nm and the spaces between layers are occupied by hydrated charge-compensating cations (usually Na + or H 3 O + ), which are mobile and can be readily exchanged [6, 7] .
Due to the high density of surface OH-groups (in average, 5.8 OH-groups per nm 2 [8] ), TiNT are a promising material for surface modifications, particularly with functionalized alkoxysilanes, (RO) 3 Si−R'X, where R'X denotes an alkyl chain terminating with a functional group X. Depending on the nature of the group X, the physical and chemical properties of the TiNT surface can be varied within a wide range and the potential field of application of TiNT can be greatly expanded. However, there are several factors that limit the technological applicability of TiNT, among which the most serious are the low resistance of TiNT towards strong mineral acids [9] , instability of TiNT under the conditions of high mechanical stress [10, 11] , and their thermal instability [12] [13] [14] .
In many of technologically important applications, titanate nanotubes are exposed to chemically aggressive media, or physically demanding surroundings, which can affect their stability. It is therefore important to understand the range of operational conditions under which the nanotubes are stable, and the transformations of nanotubes which occur outside these conditions. A knowledge of the thermal stability of modified titanate nanotubes is of the main importance, since some applications or manipulations (such as: catalyst supports or the formation of composite films) require an increased operating temperature. At elevated temperatures there are at least three processes occurring with protonated titanate nanotubes, namely: dehydration, crystal structure transformation and a modification of the morphology. All three processes occur simultaneously, and each has a characteristic range of temperatures related to their particular phase transition.
Titanate nanotubes are a promising nanofiller for polymer composite materials.
Their modulus is comparable to that of carbon nanotubes, they can be produced in large quantities, and the chemistry of their surface modification is the same as for conventional inorganic fillers [15, 16] . Despite that, to our knowledge few examples of titanate nanotube/polymer composites have been published [17] [18] [19] [20] .
In this work, chemically modified TiNTs were studied. The aim was to prepare
TiNT-H surface-modified with (3-aminopropyl)trimethoxy silane (APTMS) that can be further used for strengthening of polymers. Structural and morphological changes of TiNT during the modification process were studied, as well as the temperature stability of modified TiNT. The phase transformation from hydrogen titanate to the anatase TiO 2 was observed during heating but without the collapse of the tubular morphology. In order to investigate their applicability as nanofillers, the modified TiNTs that had shown the highest temperature stability were used to prepare nanocomposite materials based on epoxy resin, since amine groups on the TiNTs surface can react with epoxy group to form covalent bonds between the matrix and the nanofiller. In order to determine chemical or physical modifications of the matrix by the introduction of TiNTs, thermomechanical properties of both the neat epoxy polymer and the nanocomposites were investigated.
EXPERIMENTAL

Synthesis of APTMS-modified TiNT
Titanate nanotubes in the protonated form (TiNT-H) were synthesized by reaction of TiO 2 powder (99.8% anatase, 325 mesh, Aldrich) with 30% (w/w) aqueous NaOH solution at 130 °C for 20 h, followed by an ion-exchange in 0.1 M HCl, as described previously [11, 14, 21] . In order to graft (3-aminopropyl)trimethoxysilane (APTMS) molecules on the surface of TiNT, the mass of 0.25 g of TiNT-H was suspended in 25 mL of dry dichloromethane and 0.5 mL of APTMS (98%, Aldrich) was added to the suspension. After the predetermined time (20, 45, 90 , or 180 min), APTMS -grafted TiNT were vacuum filtered, extensively washed with dry dichloromethane to remove the excess organosilane, and dried at 60 °C for three hours. APTMS-grafted TiNT samples were labelled as TiNT-NH 2 -x, where x indicates the duration of the silanization step in minutes. After cooling to RT, diamine was added and homogenised with the resin and nanofiller for 60 minutes, and the resulting mixture poured into a mould and left to cure at RT for a week.
Preparation of polymer nanocomposites
Neat crosslinked epoxy was prepared in the same manner, only without addition of the nanofiller, to exclude the influence of preparation conditions on final properties of the crosslinked samples. Both the neat epoxy polymer and the nanocomposite were then cut into samples for thermomechanical investigation (dimensions are given in Table 1 .), and postcured at 120 °C for 24 hours.
Characterization of TiNT samples and polymer nanocomposites
The amount of APTMS grafted on the nanotube surface was determined by spectrophotometric ninhydrin method developed for the determination of primary amino groups on APTMS-modified silica [22] , by using APTMS as a standard. All analyses were performed in triplicate. and 500 °C (for Raman spectroscopy measurements) with the heating rate of 10 °C/min and the spectra were recorded in regular temperature intervals of 50 °C. After reaching the predetermined temperature, the heating was stopped and the samples were thermostated at this temperature for 15 min before recording the spectra. Table 2 ). The modification and the structural changes of titanate nanotubes surface modified with APTMS were studied in situ at high temperatures by two complementary experimental techniques, Raman spectroscopy and FT -IR spectroscopy. The change of the crystal structure and the morphology of the titanate nanotubes before and after thermal treatment were investigated by XRD and TEM techniques.
Vibrational spectroscopy of titanate nanotubes modified by (3-aminopropyl)trimethoxy silane
With the aim to verify the APMTS grafting on the surface of TiNT, the Raman spectra of the APTMS-grafted samples (TiNT-NH , which are characteristic for the protonated trititanate nanotubes [14] and indicates that the sample TiNT-H have the H 2 Ti 3 O 7 structure. These bands were preserved in the sample TiNT-NH 2 -180, indicating that the grafting of APTMS molecules onto the surface of TiNT-H does not alter the crystal structure of nanotubes. In addition, the spectrum of the sample TiNT-NH 2 -180 shows multiple bands in the spectral range of 1000 -3100 cm -1 , which is characteristic for vibrations of organic groups. Therefore, these bands can be attributed to the vibrational modes of APTMS molecules grafted on the nanotube surface (Table 3. ).
FT -IR spectra of the unmodified titanate nanotubes (sample TiNT-H) and APTMS modified titanate nanotubes (sample TiNT-NH 2 -180) are shown in Fig Table 3 .
In situ high temperature vibrational spectroscopy
In order to study the thermal stability of the APTMS-grafted TiNT samples, two complementary vibrational spectroscopy techniques, Raman and FT -IR spectroscopy were employed. Raman spectroscopy was used to study the temperature stability of hydrogen titanate nanotubes skeleton (Fig. 2) since the phonons formed due to the vibrations of crystal lattice can be readily observed in the low frequency region of the vibrational spectrum, where the Raman bands are strong and well-resolved. Thermal stability of the surface-bound APTMS layer was, in contrast, studied by FT -IR spectroscopy (Fig. 3) since the FT -IR spectra of APTMS-grafted samples are more rich in details, and the vibrational bands due to the vibration modes of the grafted APTMS molecules are stronger and better resolved than the vibrational bands of surface-bound APTMS molecules appearing on the corresponding Raman spectra.
Four samples, TiNT-NH 2 -x, x = 20, 45, 90 and 180, were heated in cryo/thermo micro chamber from RT to 500 °C and investigated by micro-Raman spectroscopy. The structural phase transition of titanate nanotube skeleton was expected in this temperature range, as indicated by TG and DSC measurements (not shown), as well as by our earlier investigation [14] . appeared, and could be assigned to the sodium trititanate [28] . This band observed at 120 cm -1 in situ at 300 °C usually appears at 104 cm -1 at RT, but with increasing temperature this band is shifted to higher wavenumbers [28] .
In the spectrum of the sample TiNT-NH 2 -45 heated at 300 °C ( Fig. 2 (b) Comparing the Raman spectra of all samples, it is apparent that the most temperature stable sample is the one with the shortest time of silanization, TiNT-NH 2 -20.
In this sample the phase transition to anatase has started at temperature of 400 °C, while in other samples the transition started at temperatures of 300 °C or lower. This temperature of 400 °C is considerably higher than 175 °C found in earlier work for the phase transition from TiNT-H form of nanotubes to the anatase phase [14] .
In order to study the thermal stability of grafted APTMS, the sample TiNT-NH 2 -180 was subjected to heating from RT to 250 °C and FT -IR spectra were recorded simultaneously at regular temperature intervals (Fig. 3) . Comparing the diffraction patterns of all the samples, it is apparent that the intensities of the most intense lines are slowly decreasing with increasing synthesis time, proven by the smallest intensity and the broadest lines of the pattern of TINT-NH 2 -180.
XRD observations of nanotubes before and after heating
X-ray diffraction results are consistent with the Raman spectroscopy results.
However in XRD patterns more detailed information of the phases different from pure TiO 2 anatase was obtained. The appearance of sodium titanate phases after heating at temperature of 500 °C indicate that starting samples of titanate nanotubes contained some sodium between the titanate layers, probably due to an incomplete ion-exchange process.
As a result, the sample has partially transformed to sodium titanate phases instead to anatase phase.
The changes of titanate nanotubes during the modification process and after heat treatment observed by TEM methods
The functionalized nanotubes TiNT-NH 2 -20, 45, 90 and 180 were characterized with TEM and HRTEM technique and selected area electron diffraction (SAED) before and after annealing (Figs. 6 and 7) . Before annealing average inner and outer diameters were Fig. 7 (e) ). Although the phase transformation to anatase structure was expected after the heating of the hydrogen titanate nanotube, the conservation of tubular morphology after heating was not expected.
Previous studies have shown that the hydrogen titanate nanotubes lose their tubular morphology and transform to nanowires or nanobelts after annealing at temperatures higher than 300 °C [14, [29] [30] [31] [32] . Thus, to the best of our knowledge, this is the first time that the nanotubes of anatase TiO 2 were synthesized by heating of the hydrogen titanate nanotubes prepared by the hydrothermal treatment. The phase transition to anatase TiO 2 was also observed and confirmed by Raman spectroscopy and XRD diffraction for all investigated samples. Therefore, by functionalization of TiNT-H with the APTMS we have found new way of synthesis of anatase TiO 2 nanotubes. In the SAED of the bundles area, sodium titanate phase were also observed besides the anatase TiO 2 phase. The titanate phase, also observed by Raman spectroscopy and XRD, is remnant from synthesis of protonated form of nanotubes. The observation clearly indicates that ion -exchange of sodium ions with hydrogen ions has not been complete. However, this was the case only for long bundles.
For the observed shorter nanotubes the ion-exchange was successful, and the modification with APTMS was completed as well.
TEM and STEM observation of nanocomposites
Three polymer composites with different amount of functionalised nanotubes; 0.19, 0.38 and 1.52 wt%, were studied by TEM and HRTEM (Fig. 9) . In all three samples small aggregates of the tubes and the bundles were observed, as shown in Figs To study the distribution of the TiNTs within the epoxy matrix, large areas of thin slices of the polymer nanocoposites were observed by SEM working in STEM mode. Small aggregates, observed by TEM, were not intended to be observed by STEM, therefore only smaller magnifications were used. Although TEM measurements indicated mostly homogenously distributed small aggregates of nanotubes and bundles within epoxy matrix, the STEM measurements clearly indicated more inhomogeneous distribution of the TiNTs.
Large aggregates of few micrometers in size were seldom observed in the sample containing smaller amount of nanotubes (0.19 wt%). The overview image of such a typical large agglomerate is shown in Fig. 10 (a) . Considerably more of the large aggregates were observed in sample with 1.52 % of nanotubes. Moreover, in this sample the distribution of the nanotubes in circular shape, observed in some aggregates ( Fig. 10 (b) 
Dynamic mechanical properties of TiNT/epoxy nanocomposite
Dynamic mechanical analysis (DMA) measures complex elastic modulus of polymer materials. The complex elastic modulus consists of the storage modulus, E', that represents the elastic behaviour, and the loss modulus, E", that designates the viscous behaviour. The loss tangent is defined by tan δ = E"/E', and reaches the maximum in the transition region between the glassy state in which movement of polymer segments is frozen and the rubbery (viscoelastic) state in which the segments move freely. Therefore, the value of tan δ is related to glass transition of polymers, but also to energy loss, internal friction and damping. Incorporation of fillers leads to changes in the thermo-mechanical spectrum that can give information about the adhesion between the constituents [33] . In the interphase, which forms between the filler and the polymer matrix, mobility of the polymer is hindered due to presence of filler, so a higher temperature is needed for polymer segments to move. In case of nanofillers, the interphase is significantly larger due to their larger surface area, so even a small addition of nanofiller (in our case 0.19 wt% of the final material) is expected to have noticeable influence on thermomechanical properties. Fig. 11 shows tan δ and E' of both the neat epoxy and the nanocomposites. The tan δ peak, attributed to the glass transition, shifts to higher temperatures ( Fig. 11 (a) ). If glass transition temperature, T g , is defined as the peak maximum, it shifts by almost 9 °C for the lowest nanofiller content (0.19 wt %) ( Table 4) . Nanocomposites with larger nanofiller content show smaller but still significant shift of T g to higher temperatures. This large influence of relatively small content of nanofiller is an indication of very good interaction between filler and matrix. This is probably due to formation of covalent bonds through reaction of amine groups bonded to TiNTs and the epoxy groups of the resin, which was also confirmed by HRTEM (Fig. 9) . The fact that the smallest nanofiller content has the most significant influence on nanocomposite properties is a known phenomenon, directly linked to formation of large agglomerates. Since higher nanofiller content leads to larger and more numerous agglomerates, the interphase between the filler and the matrix is reduced, and so is its influence on the properties of nanocomposites [34] .
Width at half height of the tan δ relaxation peak of nanocomposites is considerably reduced in comparison with the neat epoxy resin. This is characteristic of greater homogeneity of the material, so the nanocomposites appear to have more regular structure than the neat epoxy polymer. We presume that the curing is affected by the presence of
TiNT-NH 2 -20, which may act as catalysts or "nuclei" for the growth of epoxy network. On the other hand, increase in the height of the relaxation peaks of nanocomposites compared to that of neat epoxy can be linked to larger distance between crosslinks in the epoxy network [35] , so this behaviour deserves further detailed study.
The shift of the glass transition to higher temperatures is also visible from E' curves ( Fig. 11 (b) ). The effectiveness of filler on the moduli of the composites can be represented by a coefficient C such that [36] :
where E' g and E' r are the values of the storage modulus in the glassy and rubbery region, respectively. Therefore, C is the ratio of the storage modulus drop of the composite to that of the resin during the glass transition. The lower the value of C, the higher is the effectiveness of the filler. The measured E' values at 25 and 110 °C were employed as E' g and E' r respectively, and the calculated coefficients are given in Table 4 . Small coefficients prove the large effect of the filler. Table 4 shows that the lower the concentration of the nanofiller, the higher is its effectiveness. This is in agreement with the micrographs showing the agglomeration of nanofillers when added in higher concentrations. In the glassy state the modulus is determined primarily by the strength of the intermolecular forces and the way the polymer chains are packed. Although improvements of mechanical properties for the system nano-TiO 2 /polymer have been reported [15-17, 20, 37] , in this case there is no evidence of increase in elastic modulus below T g . In the glassy state (at 25 °C), moduli do not significantly differ from each other, with an exception of the modulus of the nanocomposite with 0.19 wt % of the nanofiller which decreases about 20 % (Table 4) .
However, in the rubbery state (at 115 °C) there is an increase in modulus for nanocomposites with 0.38, 0.76 and 1.52 wt % of TiNTs, while the modulus for nanocomposite with 0.19 wt % of TiNTs remains the same as in the case of the neat epoxy.
The increase in modulus in the rubbery state can be explained by nanoparticles acting as crosslinks between polymer chains [35] . The steady increase in the rubbery state modulus with temperature is due to additional curing at temperatures above that of the final cure, 120 °C.
CONCLUSIONS
In this work we studied temperature stability of surface modified protonated form of titanate nanotubes with the aim to find appropriate materials that could be further processed Table 3 . Assignations of characteristic bands in vibrational (Raman and FT -IR) spectra of APTMS-modified TiNT. Assignation of Raman bands after refs. [14] and [23] , and FT -IR bands after refs. [23] , [24] , [25] , [26] .
Band position /cm Figure 11 . The temperature scans of the loss tangents (a) and storage moduli (b) for neat epoxy polymer and for the TiNT/epoxy nanocomposites.
